Abstract Glioblastoma is the most common and aggressive primary tumor in the central nervous system, accounting for 12%e15% of all brain tumors. 3-O-Acetyl-11-keto-b-boswellic acid (AKBA), one of the most active ingredients of gum resin from Boswellia carteri Birdw., was reported to inhibit the growth of glioblastoma cells and subcutaneous glioblastoma. However, whether AKBA has antitumor effects on orthotopic glioblastoma and the underlying mechanisms are still unclear. An orthotopic mouse model was used to evaluate the anti-glioblastoma effects of AKBA. The effects of AKBA on tumor growth were evaluated using MRI. The effects on the alteration of metabolic landscape were detected by MALDI-MSI. The underlying mechanisms of autophagy reducing by AKBA treatment were determined by immunoblotting and immunofluorescence, respectively. Transmission electron microscope was used to check morphology of cells treated by AKBA. Our results showed that AKBA (100 mg/kg) significantly inhibited the growth of orthotopic U87-MG gliomas. Results from MALDI-MSI showed that AKBA improved the metabolic profile of mice with glioblastoma, while immunoblot assays revealed that AKBA suppressed the expression of ATG5, p62, LC3B, p-ERK/ERK, and P53, and increased the ratio of p-mTOR/mTOR. Taken together, these results suggested that the antitumor effects of AKBA were related Abbreviations: AKBA, 3-O-acetyl-11-keto-b-boswellic acid; DAPI, 4 0 ,-6-diamidino-2-phenylindole; GBM, glioblastomas; G3P, glycerol-3-phosphate; GL/FFA, glycerolipid/free fatty acid; G6P, glucose-6-phosphate; IDH1/2, isocitrate dehydrogenases 1/2; ITO, indium tin oxide; LA, linoleic acid; MALDI-MSI, matrix-assisted laser desorption ionization-mass spectrometry imaging; NEDC, N-(1-naphthyl) ethylenediamine dihydrochloride; NAA, N-acetyl-Laspartic acid; OA, oleic acid; PA, phosphatidic acid; PE, phosphatidylethanolamine; PG, phosphatidylglycerols; PI, phosphatidylinositol; PS, phosphatidylserine; TIC, total ion current; TMZ, temozolomide. to the normalization of aberrant metabolism in the glioblastoma and the inhibition of autophagy. AKBA could be a promising chemotherapy drug for glioblastoma.
Introduction
Glioblastoma (GBM) is the most common and aggressive primary tumor in the central nervous system, accounting for 12%e15% of all brain tumors 1 . The current standard treatment for GBM includes maximal surgical resection followed by radiotherapy and chemotherapy with temozolomide (TMZ) 2e4 . However, the prognosis of GBM remains poor with the median survival of 15e20 months and the 5-year survival rate of only 3%e5% 5, 6 . Therefore, more studies elucidating the pathogenesis of GBM and developing new chemotherapy drugs are essential.
Abnormal metabolism is a common occurrence in cancers, which exhibits changes in metabolism related to non-neoplastic cells 7 . Tumor metabolism is mainly dependent on aerobic glycolysis (Warburg effect), resulting in a continuous uptake of glucose which is considered a hallmark of cancer 8, 9 . The metabolisms of other biomolecules essential for cell proliferation 10 are also altered in cancer cells, such as nucleotides, amino acids and lipids. Isocitrate dehydrogenases 1 (IDH1) and 2 (IDH2) are the key rate-limiting enzymes for the tricarboxylic acid cycle, and have recently been recognized as major determinants in the molecular differentiation of diffuse gliomas 11, 12 . For that reason, they have been considered as new targets for the treatment of gliomas and studies on the mechanisms behind the aberrant metabolism of glioma cells need to be aggressively pursued to find chemotherapy drugs that can restore normal metabolism in these tumors.
Matrix-assisted laser desorption ionization-mass spectrometry imaging (MALDI-MSI) is a label-free technique that can be used to map the spatial distribution of various molecules in thin tissue sections. This technique has been widely used for in situ imaging of endogenous or exogenous molecules including small molecules 13 , lipids 14 , peptides 15 , proteins 16 , and drugs 17 . It is a useful tool for diagnosis and prognosis of diseases 18 , biomarker discovery 19 , and drug development 20 . For example, Wang et al. 21 successfully identified the distributions of amino acids, glucose and glycerophospholipids in liver tissues of metastatic colorectal cancer using MALDI-MSI coupled with matrix N-(1-naphthyl) ethylenediamine dihydrochloride (NEDC). These findings could provide a better understanding of the complex biological processes in gliomas, which allow the researchers to monitor the changes of metabolites in gliomas after drug treatment. Autophagy is an intracellular recycling program that responds to nutrient, energy, oxygen, and hormonal demands under physiologic circumstances to maintain metabolic homeostasis. The occurrence of autophagy was associated with abnormal metabolism, such as starvation. Dysregulated autophagy is emerging as a hallmark of malignancy. Autophagy plays an important role in the survival of cancer 22, 23 . Abnormal metabolism is one of characters of cancers. Therefore, autophagy was closely associated with metabolism. It is important to explore relation between autophagy and metabolism.
Natural products can be widely used to treat various human diseases including cancer 24, 25 , approximately half of which are derived from plants. 3-O-Acetyl-11-keto-b-boswellic acid (AKBA) is isolated from the gum resin of frankincense trees, Boswellia serrata and Boswellia carteri Birdw. This natural product is widely applied in Africa, India, and China 26 to treat inflammatory diseases including arthritis 27 , colitis 28 , and asthma 29 , as well as some other illnesses 30 . In the previous study 31 , we found that AKBA inhibited the growth of U251 and U87-MG human glioblastoma cell lines by arresting the cell cycle at the G2/M phase via the p21/FOXM1/cyclin B1 pathway, inhibited mitosis by downregulating the aurora B/TOP2A pathway, and induced mitochondrial-dependent apoptosis. However, it is still unknown whether AKBA could inhibit the growth of orthotopic gliomas and the specific mechanisms of its action are still unclear.
In this study, the anti-glioblastoma effects of AKBA were investigated in an in vivo orthotopic model. It was found dramatically suppressing the tumorigenicity, in part by ameliorating the abnormal metabolism of phospholipids, glucose, and other small molecules in the glioma tissue. In addition, our results also showed that AKBA could inhibit autophagy by regulating the ERK/mTOR and P53/mTOR pathways.
Materials and methods

Animals
Female BALB/c-nu nude mice (17e19 g) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). All animal experiments were conducted according to the principles of the NIH Guide for the Care and Use of Laboratory Animals and were approved by the ethics committee for laboratory animal care and use of the Institute of Materia Medica, Chinese Academy of Medical Science and Peking Union Medical College (Beijing, China).
U87-MG glioma orthotopic model
Mice were anesthetized by intraperitoneal injection with 0.2 mL 0.6% sodium pentobarbital and immobilized in a stereotactic frame. A hole located 3 mm to the right and 0.5 mm anterior to the bregma was drilled into the skull. U87-MG glioblastoma cells were harvested and resuspended in phosphate buffered saline (PBS) to a concentration of 2 Â 10 5 cells/mL. The needle of a Hamilton micro-syringe was inserted through the borehole to a depth of 3.3 mm where the right striatum is located. An aliquot of 5 mL of cells was slowly injected into this area at a rate of 1 mL/min, and the needle was slowly withdrawn 5 min after cell injection.
Grouping and drug administration
Five days after the surgery, mice bearing intracranial tumors were randomly divided into five groups (10 animals per group) as follows: (1) Sham; (2) Vehicle; (3) Temozolomide (TMZ), 30 mg/ kg; (4) AKBA, 100 mg/kg, and (5) AKBA, 200 mg/kg. TMZ and AKBA dissolved in 0.5% carboxymethyl cellulose sodium. 99% AKBA was purchased from National Institutes for Food and Drug Control of China and dissolved in DMSO. U87-MG glioblastoma cells were injected into the right striatum of mice. From the 5th day, AKBA was orally administered to mice once daily. In the 26th day, MRI of the brain was performed and brain tissues were collected. The structural formulas of the drugs and the workflow for the orthotopic tumor experiment are shown in Fig. 1a and Supporting Information Fig. S1a, respectively. 
MRI analysis
After administration of AKBA for 14 days, brain tumors were imaged using a small animal MRI scanner (Pharma Scan 70/16 US, Bruker Daltonics, Bremen, Germany). The parameters for MRI were set as: T2_TurboRARE, with TR/TE Z 5000/40, six averages, 20 Â 20 field-of-view, and 0.5 mm slice thickness. The tumor volume was calculated as: V Z L Â W Â T; where L referred to the maximum length of the tumor, W referred to the maximum width perpendicular to L, and T referred to the thickness of the tumor slice (0.5 mm).
MALDI-MSI
Tissue preparation
At the end of the experiment, the mice were anesthetized by intraperitoneal injection of sodium pentobarbital (60 mg/kg), and then perfused with 0.9% sodium chloride. Brains were removed, immediately frozen in liquid nitrogen and stored at À80 C. The frozen brain tissues were sectioned at 10 mm along the coronal plane using a cryostat microtome (Leica CM1950, Leica Microsystems, Wetzlar, Germany). The tissue sections were thawmounted on indium tin oxide (ITO) glass slides for MALDI-MSI or onto microscopic glass slides covered with poly-L-lysine for H&E staining. The ITO glass slides were desiccated under vacuum for 1 h at room temperature. The matrix solution, NEDC in methanol/water (50/50, v/v), was prepared and applied using the Bruker ImagePrep device (Bruker Daltonics, Bremen, Germany) 21 . For ImagePrep deposition, the matrix was typically deposited for 35 cycles, and each cycle included 1 s of spraying at 60% power, 15 s of incubation, and 70 s of drying.
Mass spectrometry imaging of metabolic landscape in the brain tissue sections
The MALDI imaging analysis was performed using the Ultraflextreme MALDI-TOF/TOF mass spectrometer (Bruker Daltonics, Bremen, Germany) with a 355 nm and 2000 Hz solid-state Nd:YAG/355 nm SmartBeam. The data were collected in the negative ionization mode with a 200 mm spatial resolution (200 laser shots). Spectra were acquired in the mass ranging from m/z 100 to 1000. Imaging data were then recorded and processed by the FlexImaging 3.0 software. Images were normalized to the total ion current (TIC). The metabolites were identified and further confirmed according to a previous study 21 . The flow chart of MALDI-MSI is shown in Fig. 1c .
Immunoblotting
Immunoblotting was performed as previously described 32 . Briefly, normal and glioblastoma tissues of mice were cut into small pieces and the total proteins were extracted in RIPA lysis buffer (Applygen, Beijing, China) with the addition of a protease/ C. The tissue lysate was centrifuged using a centrifuge (SigmaeAldrich, St. Louis, MO, USA) at 12,500 rpm for 20 min at 4 C and protein concentrations were measured using a BCA protein quantification kit (CWBIO, Beijing, China). Proteins were separated by electrophoresis on 8% or 10% SDS-PAGE gels and transferred to a 0.45 mm PVDF membrane (Millipore, Billerica, MA, USA). After blocking with 5% fat-free milk in TBST for 1 h, membranes were immunoblotted with primary antibodies to ATG3, ATG5, ATG7, ATG12, ATG16, P62, LC3B, P53, p-ERK1/2, ERK1/2, p-AMPK, AMPK, p-mTOR, m-TOR (Cell Signaling Technology, Danvers, MA, USA), and GAPDH (Proteintech, Rosemont, IL, USA) at the appropriate dilutions with gentle shaking overnight at 4 C. Blots were incubated with HRPconjugated goat anti-rabbit or anti-mouse secondary antibody (1:2000; Cell Signaling Technology) and bands were visualized using an enhanced chemiluminescence, ECL Western blot kit (Beyotime Biotechnology, Shanghai, China).
Immunohistochemistry
Coronal brain tissues were paraffin-embedded, sectioned in 5 mm, and fixed on polylysine-coated slides. The fixed sections were then dried, deparaffinized, rehydrated, immersed in boiled sodium citrate buffer (10 mmol/L, pH 6.0) at a sub-boiling temperature for 25 min, and incubated in a 3% hydrogen peroxide solution for 10 min at room temperature. Then, sections were incubated with primary anti-pERK (1:500, Cell Signaling Technology) and P53 antibodies (1:200, Cell Signaling Technology) in a moist chamber at 4 C for 14 h. The IHC Detection System (ZSGB-BIO, Beijing, China) was used to detect the brown reaction product of sections incubated in diaminobenzidine (DAB, ZSGB-BIO, Beijing, China). The Nikon Eclipse Ti microscope (Eclipse Ti-E，Nikon, Japan) coupled with NIS elements software (Nikon, Melville, NY, USA) for Windows was used to take photographs of equally exposed slides counterstained with hematoxylin. Quantitative analyses of three randomly selected visual fields were performed by two observers independently.
Immunofluorescence staining
Immunofluorescence staining analysis of P62, LC3B expression in brain tissues were done as described previously. Briefly, 5 mm thick tumor biopsy sections were deparaffinized in xylene and subsequently rehydrated with 100%, 95%, and 75% ethanol, and deionized H 2 O. Sections were then placed in antigen-retrieval solution (10 mmol/L sodium citrate, pH 6.0) and boiled 3 min, and then cooled down to room temperature. Subsequently, sections were stained with 1:200 dilution of secondary antibody at room temperature for 30 min, following incubation with a 1:100 dilution of goat IgG for 1 h at room temperature and stained with dilution of anti-P62 (1:500, Cell Signaling Technology) and anti-LC3B (1:500, Cell Signaling Technology) antibodies overnight at 4 C. Before analysis, the sections were stained with the fluorescent dye 4 0 ,6-diamidino-2-phenylindole (DAPI) at room temperature for 5 min. Nikon Eclipse Ti microscope (Eclipse Ti-E, Nikon, Japan) coupled with NIS elements software (Nikon, Melville, NY, USA) for Windows was used to take photographs. Quantitative analyses of three randomly selected visual fields were performed by two observers independently.
Transmission electron microscope
U87-MG cells were cultured with DMEM without FBS medium overnight. Then, cells were treated by 10 mmol/L AKBA, 20 mmol/L AKBA, and 30 mmol/L AKBA, respectively. After 24 h, cells were harvested and fixed in 0.1 mol/L phosphate buffer containing 3% glutaraldehyde (pH 7.2) at 4 C overnight. Cells were then washed, post-fixed in 1% OsO 4 buffer for 1 h at 4 C, washed again, dehydrated in a graded series of ethanol, and embedded in spur resin at 56 C overnight. Sections of 60 nm ultrathin were obtained using the ultramicrotome (Leica, Wetzlar, Germany), stained with uranyl acetate and lead citrate at room temperature for 10 min. The transmission electron microscope (FEI Tecnai Spirit, Hillsboro, OR, USA) was finally used to detect the autophagosomes in U87-MG cells.
Statistical analysis
Results are presented as mean AE standard deviation (SD). Oneway ANOVA was used to calculate differences among groups. P < 0.05 was considered statistically significant.
Results
AKBA suppressed glioblastoma growth in vivo
To investigate the effects of AKBA on the growth of tumor in vivo, U87-MG cells were injected into mouse brains and tumor growth was monitored by MRI. The AKBA (100 and 200 mg/kg) treatment groups showed a significant reduction in tumor volumes (Fig. 1b and c) . During the 21 days' administration of AKBA, no obvious weight loss or abnormal behavior was detected (Fig. 1d) . The final brain/weight ratio in the AKBA group was also significantly reduced compared to Vehicle group (Fig. 1e) . Taken together, these findings suggested that AKBA inhibited the tumorigenesis of glioma in vivo.
AKBA ameliorated the aberrant alterations of phospholipids and fatty acid in glioblastoma xenografts
The results of H&E staining and cluster analyses of glioma sections are shown in Fig. 2a . We detected a total of 4182 small molecules in the cortex region, 3080 small molecules in the striatum region, 406 small molecules in adjacent glioma tissue and 494 small molecules in glioma tissue (Fig. 2b) . Phospholipid metabolism was different in cancers as compared to normal cells and tissues and this abnormal metabolism can affect numerous cellular processes, including cell growth, proliferation, differentiation and motility 33 . Using MDALI-MSI, we observed the changes of spatial distribution of phospholipids in the brain. As shown in Fig. 2cee , 20 changed phosphatidylethanolamines (PEs), 8 changed phosphatidylinositols (PIs), 4 changed phosphatidylglycerols (PGs), 4 changed phosphatidylserines (PSs), and 7 changed phosphatidic acids (PAs) were identified. Among the 20 altered PE species, PE (36:2), PE (38:2), and PE (40:4) were significantly increased in the glioma tissue compared with that in the normal tissue, whereas 17 other PE and LPE were decreased in the glioma tissue compared to normal tissue (Fig. 3a) . Among the eight altered PI species, compared with the Sham group, PI (18:0/ 20:4) and PI (40:4) were significantly increased while six other PIs were decreased in the glioma group (Fig. 3b) . Four PG and four PS dramatically decreased in the glioma tissue compared to normal ( Fig. 3c and d) . PA (35:1) and PA (18:2/18:0) were significantly increased in the glioma tissue compared to normal tissue, whereas five other PAs were decreased in the glioma tissue (Fig. 3e) . AKBA, at a dose of 100 mg/kg corrected the abnormal phospholipid metabolism (Fig. 3aee) .
Glycerol-3-phosphate (G3P), which is derived from glucose during glycolysis, is at the crossroads of glucose and lipid metabolism. It is also the starting substrate for the glycerolipid/free fatty acid (GL/FFA) cycle. In this study, compared to the Sham group, the G3P content was increased in Vehicle group and AKBA treatment reduced this aberrant alteration (Fig. 4a) .
FFAs, which are energy source in humans, play important roles in membrane structure, and are able to influence cellular functions and physiological responses 34 . Linoleic acid (LA) and oleic acid (OA) are two important FFAs. As shown in Fig. 4a , LA and OA were significantly increased in Vehicle group compared with Sham group. AKBA, at a dose of 100 mg/kg, significantly decreased the levels of LA and OA (Fig. 4a) compared to Vehicle group.
AKBA reduced the abnormal accumulation of glucose in orthotopic gliomas
Glucose is the key source of energy in the brain, and high cellular glucose metabolism has been recognized as one of the hallmarks of cancer 35 . Glucose-6-phosphate (G6P) is the first and most important metabolic product of glucose metabolism, because G6P is at the convergence point of the glycolytic and the pentose phosphate pathways, the hexosamine pathway and glycogen synthesis 35 . More and more studies have shown that glucose metabolism is disturbed in cancer cells. Using MDALI-MSI, the changes of spatial glucose and G6P were observed in brain tissue. Compared to Sham group, the concentrations of glucose and G6P increased in the striatum region (Fig. 4b) . Compared to Vehicle group, the concentrations of glucose and G6P were decreased in the striatum region in AKBA-and TMZ-treated groups. These results suggested that glucose levels were abnormally high in Vehicle group, and that AKAB reduced the accumulation of glucose.
AKBA corrected the aberrant changes in the concentrations of amino acids, antioxidants, and other small molecules in glioblastoma xenografts
L-Glutamic acid and N-acetyl-L-aspartic acid (NAA) are the first and second most concentrated amino acids in the brain, respectively 36 . The alterations of L-glutamic acid and NAA were mapped and quantified by MALDI-MSI (Fig. 4c) . Compared to Sham group, the level of L-glutamic acid was increased while the level of NAA was decreased in Vehicle group. After treatment with AKBA (100 mg/kg) for two weeks, the level of L-glutamic acid decreased and NAA increased compared with Vehicle group. The brains of glioma-xenografted mice showed an abnormal cellular redox state, and glutathione has been demonstrated to play a crucial role in the maintenance of the cellular redox state. Results from MALDI-MSI show that the glutathione level much increased in the glioma tissue compared to normal brain, and AKBA reduced this aberrant accumulation (Fig. 4c) . Three other identified metabolites, inosine, hypoxanthine and adenine, also increased in glioma tissues of untreated mice. AKBA at a dose of 100 mg/kg significantly decreased the levels of inosine, hypoxanthine, and adenine (Fig. 4c) .
AKBA inhibited autophagy by regulating ERK and p53 signaling pathways
According to the above results, PE is one of rescued phospholipids by the use of AKBA, which is reported to participate in the regulation of cell autophagy 37, 38 . Therefore, we explored if AKBA C until use. Coronal brain sections were cut at a thickness of 10 mm and NEDC was used as the matrix (n Z 3 per group). Mass imaging data were acquired in negative ionization mode at a 200 mm spatial resolution. Scale bar Z 2 mm.
3-O-Acetyl-11-keto-b-boswellic acid in glioblastomatreatment could affect the cell autophagy. To investigate whether the effect of AKBA on lipid metabolism ultimately affected autophagy, Western blot was used to check the effects of AKAB on key proteins of the autophagy signaling pathway. The protein levels of ATG5, P62, and LC3-II increased in Vehicle group, indicating that the glioma induced an autophagic response (Fig. 5a ). The protein levels of ATG3, ATG7, ATG12, and ATG16 were also increased in Vehicle group, further confirming the increased autophagy in glioma tissues. In contrast, AKBA reduced the protein levels of ATG5, P62, LC3-II, ATG3, ATG7, ATG12, and ATG16 ( Fig. 5a and Supporting Information Figs. S2 and S3), indicating AKBA inhibited the autophagy and finally suppressed the growth of glioma. Furthermore, to explore the specific pathways through which AKBA inhibited the autophagy, the key proteins in AMPK/mTOR, ERK, and P53 pathways were examined by Western blot. The protein expression of p-ERK1/2 and P53 was reduced whereas expression of p-mTOR and p-AMPK was increased in AKBA group compared to Vehicle group (Fig. 5b and Supporting Information Figs. S4 and S5) . Results from immunofluorescence showed that expressions of P62 and LC3B reduced in AKBA group compared with Vehicle group (Fig. 5c) . Results from immunostaining showed expression of P53 and p-ERK1/2 also was decreased in AKBA group compared Vehicle group (Fig. 5e ). In addition, the expression of ATG5, P62 and LC3B was reduced in U87 cells treated by AKBA in dose-dependent manner ( Fig. 5d and Supporting Information Fig. S6) . Results from transmission electron microscope suggested that AKBA significantly inhibited autophagy of U87 cells (Fig. 5f ). Taken together, AKBA inhibited autophagy by regulating ERK and P53 signaling pathways in vitro and in vivo.
Discussion
Although there are many studies focusing on the anti-tumor effects of AKBA, no relevant studies about the anti-tumor effects of AKBA in a glioma orthotopic model have been reported. In this study, using an orthotopic xenograft model of glioma in nude mice, we firstly observed that AKBA suppressed tumor growth and reduced the brain/body ratio, suggesting that AKBA could inhibit glioma tumorigenesis in vivo. In addition, using MALDI-MSI, we mapped the alteration of the metabolic landscape in glioma-xenografted mice treated with AKBA, and observed that AKBA corrected the abnormal metabolism of phospholipids, glucose, amino acids, antioxidants, and other endogenous small molecules in the glioma tissue. Furthermore, AKBA was found to inhibit the autophagy formation by regulating ERK and P53 pathways.
Abnormal metabolism is one of hallmarks of cancers. The famous metabolic abnormality in cancers was the Warburg effect, which was awarded the Nobel Prize in Physiology in 1931. Abnormal metabolism promoted tumorigenesis and development of cancers. Metabolism included glucose metabolism, protein metabolism and lipid metabolism 39 . Lipids not only play an important role in maintaining cellular membrane structure, but also participate in signal transduction as second messengers. Increasing evidence shows that specific alterations in lipid metabolism are associated with the development of cancers. These alterations can affect numerous biological processes including cell growth, proliferation, differentiation, and energy homeostasis through lipid signal transduction pathways. Aberrant lipid metabolism is an early event in tumorigenesis and has been observed in prostate cancers 40 , breast cancers 41 , and lung cancers 42 . Therefore, it is a promising approach to develop new drugs 43 that target membrane lipids. MALDI-MS is an emerging method for lipid analysis which can perform rapid and sensitive analyses of numerous lipids in one experiment. Coupled with an imaging method, these techniques can simultaneously visualize the changes of various lipids in situ and provide 2D visualization of the metabolic profiles. For example, Using MALDI-MSI, Fack et al. 44 precisely mapped the metabolic landscape in IDH-mutant gliomas. Though the mechanism underlying the aberrant lipid production in glioma tissues is not fully understood, lipidomic analyses provide a new insight into the progression of glioma.
Phospholipids are major components of cell membranes and participate in various biological functions. Their levels are altered in various human cancers 45 . In this study, we conducted lipidomic analyses in glioma brain tissues using MALDI-MSI. We found that PE (36:2, 38:2, 40:4), PI (18:0/20:4, 40:4), PG (44:2), and PA (35:1) were significantly up-regulated, while all other PE, PS, PI, PG, and PA were significantly down-regulated in glioma tissues. This was the first systematic investigation of changes in phospholipids in glioma tissues and the results could facilitate the discovery of new biomarkers or drug targets for glioma. As the second most abundant phospholipid in mammalian cells, PE participates in the regulation of cell proliferation, metabolism, autophagy, stress responses, apoptosis, and aging. It is also a potent anticancer target for natural products 46 . In our study, the levels of PE (36:2), PE (38:2) and PE (40:4) significantly were increased while the other PEs were decreased in glioma tissues compared with normal tissues. These findings were consistent with previous studies of aberrant PE metabolism detected in other cancers, such as hepatocellular carcinoma 47 , colorectal cancer 48 , breast cancer 49 , and non-small cell lung cancer 50 . In conclusion, our results showed that the natural product, AKBA, could alleviate the aberrant changes in PE levels, suggesting that PE might be a potential target for AKBA.
Lipid metabolism is also involved in autophagy, which is a self-degradation process induced by nutrient limitation 51 . For example, the binding of PE to the autophagy-related protein ATG8 (LC3) is the initiating step in autophagy. During autophagy, ATG7 activated the conjugation of LC3 (ATG8) with PE, ATG12 and ATG5. ATG8/LC3 is essential for autophagosome biogenesis and it functions as an adaptor protein for selective autophagy 52 . The members of the LC3/ATG8 family of proteins are covalently attached to phagophore and autophagosomal membranes. The ATG8 lipidation, which could turn LC3B-I into LC3B-II, is crucial for autophagosome biogenesis 53 . In this study, we found that the expression levels of key proteins including ATG5, P62, and LC3B-II in the autophagy pathway were increased in glioma tissues. In contrast, AKBA reduced the expressions of these proteins, suggesting that autophagy was enhanced in glioma tissues and that AKBA-treatment could inhibit the autophagy process. The antitumor effects of AKBA in the previous study were mainly focused on oxidative stress, cell cycle and apoptosis, and this is the first study demonstrating that AKBA could exert its antitumor effect by inhibiting autophagy. Furthermore, we found that AKBA increased p-mTOR/mTOR and decreased the P53 level and ERK1/2 expression compared to Vehicle group, suggesting AKBA inhibited autophagy through the ERK/mTOR and P53/mTOR signaling pathways, but not the AMPK/mTOR pathway. Dysregulated autophagy is emerging as a hallmark of malignancy. Autophagy promotes development of cancers in some situation. AKBA inhibited autophagy to repress growth of glioblastoma by reducing ERK pathway (Fig. 6) .
PI, PS, PA and PG are also important lipids which have important physiological functions. PIs constitute a group of phospholipids that commonly act as intracellular second messengers and function in intercellular signaling 54 . PS, located on the inner leaflet of the cell membrane, is a useful biomarker in the diagnosis of cancer 55 . Using MALDI-MIS, we found eight PI species, four PS species, nine PA species, and six PG species whose levels were changed in glioma tissues and this could be reversed by AKBA. It has been shown that the decreased abundance of these phospholipids in metastatic tumors may be related with the indirect results of changes in metabolic pathways involving the incorporation/ release of oleic acid as a free fatty acid. This is controversial, however, as other scientist found that oleic acid fed highly metastatic carcinoma cells and boosted malignancy 56 , whereas it actually inhibited cell growth and survival in low metastatic carcinoma cells 57 . Oleic acid has also been reported to promote migration of breast cancer cells 58 while also being linked to cell apoptosis and autophagy in tongue squamous cell carcinomas 59 . In this study, we found that linoleic acid and oleic acid were increased in glioma tissues, which supported the hypothesis that oleic acid may promote migration of cancer cells in glioma.
The relationship between autophagy and cell-cycle was widely studied, showing that activation of the autophagy flux is observed in mitosis phase. Cell cycle is associated with 60 and involved in autophagy 61 , whereas autophagy regulates cell cycle 62 . Like the arrest of cell cycle, autophagy is induced in response to various stresses to preserve cellular viability. In addition, P53, a shared key molecule, has been widely reported to orchestrate both cell cycle and activate autophagy 63 . In our study, we found that P53 and autophagy were inhibited by AKBA, which was consisted with our previous findings that the cell cycle was arrested by AKBA.
In response to the AKBA treatment, small molecules other than lipids were also changed, including amino acids and anti-oxidants in glioma tissues. For example, L-glutamic acid and NAA are the first and second most concentrated amino acids in the brain, respectively 36 . NAA is a type of neurotransmitter that can be hydrolyzed by aspartoacylase to produce aspartate and acetate major bioenergetic substrates for highly proliferative brain tumors 65 . In patient-derived glioma xenograft models, the NAA content was reported to be decreased 44 . Our MSI results showed that L-glutamic acid increased while NAA was decreased in gliomas compared with normal brain tissue, and that AKBA corrected these abnormal changes. Glutathione is an important anti-oxidant in the brain and plays a crucial role in the maintenance of the cellular redox state. MSI showed that the glutathione level was much higher in glioma tissues compared to normal brain, and that AKBA increased this abnormal accumulation.
Conclusions
Using an orthotopic glioma xenograft model, AKBA was found significantly inhibiting the glioma growth in vivo. MALDI-MSI results showed that AKBA could affect lipid metabolism and the levels of amino acids, nucleotides, and anti-oxidants in gliomas. AKBA was further shown to inhibit autophagy by regulating the ERK and P53 signaling pathways. Taken together, these findings suggest that AKBA could be a novel natural product for the treatment of gliomas.
